This study tested the hypothesis that maternal nicotine ingestion increases matrix metalloproteinase (MMP) expression in fetal hearts, which is mediated by the generation of reactive oxygen species. Timed pregnant guinea pigs were administered either water alone, nicotine (200 mg/mL), N-acetylcysteine (NAC), or nicotine plus NAC in their drinking water for 10 days at 52-day gestation (term ¼ 65 days). Near-term (62 days), anesthetized fetuses were extracted, hearts were excised, and left cardiac ventricles snap frozen for analysis of MMP-2/-9/-13 protein and activity levels. Interstitial collagens were identified by Picrosirius red stain to assess changes in the extracellular matrix. Prenatal nicotine increased active MMP-2 forms and interstitial collagen but had no effect on either pro-or active MMP-9 or MMP-13 forms. In the presence of nicotine, NAC decreased active MMP-2 protein levels and reversed the nicotine-induced increase in collagen staining. We conclude that prenatal nicotine alters MMP-2 expression in fetal hearts that may be mediated by reactive oxygen species generation.
Introduction
Maternal smoking is a major risk factor to the health and well-being of both the mother and fetus. The incidence of pregnant women who smoke cigarettes is 18% (age 15-44 years old) compared to 30% of age-matched nonpregnant women, which varies with ethnicity, education, and economic status. 1 Many start as teenagers and continue to smoke when they become pregnant. In the first trimester, maternal smoking contributes to increased incidence of preterm delivery, spontaneous abortions and stillbirths, and in the second and third trimester, to intrauterine growth restriction and altered fetal organ growth and function. 2 Long-term effects of maternal smoking and or exposure to environmental tobacco smoke during pregnancy in the neonate is associated with several neurological deficits including behavioral problems, cognitive impairment, addiction, and depression 3 as well as cardiorespiratory problems contributing to sudden infant death syndrome (SIDS). 4, 5 Nicotine is one of the major bioactive components in tobacco smoke and is both addictive 6, 7 and may increase cancer risk through activation of nicotine acetylcholine receptors. 7, 8 In addition, nicotine exposure contributes to cardiovascular disorders such as cardiac arrhythmias, hypertension, and vasospasm, via both direct and indirect mechanisms. 9, 10 These may be mediated by nicotine's direct interaction with cardiac inward rectifier Kþ channels, 11 which may alter cardiac action potential or indirectly, by stimulating catecholamine release from the adrenal medulla 9 and sympathetic nerve endings. 9, 12, 13 Following maternal ingestion, nicotine readily crosses the placenta and concentrates in the fetal circulation, 2 having diverse effects in fetal organs. These include decreases in blood flow in brain, synaptic function, and neuronal cell proliferation and differentiation. 14 In the developing fetal lung, nicotine inhibits maturation and disrupts alveolar number, structure, and function. 15 Prenatal exposure to nicotine has also been shown to increase contractile responsiveness of the aortae to norepinephrine and KCl 16, 17 and increase the susceptibility to ischemia/reperfusion injury in male rat offspring. 18 Recent study indicates that prenatal nicotine exposure represses gene expression of protein kinase C epsilon in fetal rat hearts contributing to programming of the adult offspring. 19 These studies suggest that prenatal nicotine initiates specific pathological responses that both impact the fetus and have lasting consequences in the neonate.
In adult hearts, nicotine exposure is associated with increased proinflammatory cytokines, 9 oxidative stress, [20] [21] [22] [23] [24] and matrix metalloproteinases (MMPs). 25, 26 Both the inflammatory response and oxidative stress have been shown to favor the activation of MMPs as well as regulating gene transcription in heart tissue. 26, 27 Metalloproteinases are important enzymes that contribute to cardiac remodeling. 25, 26 While there are at least 28 subtypes, MMP-2 and -9, or gelatinase A and B, respectively, and MMP-13, a collagenase, are the predominant MMPs expressed in cardiac ventricles, 26 which regulate the structural integrity of the extracellular matrix (ECM). Altered MMP expression is associated with disruption of the extracellular network, which has been shown to contribute to structural remodeling in pathological heart tissue. 26 The purpose of the present study is to investigate the effects of prenatal nicotine exposure on MMP expression of fetal heart ventricles. We hypothesize that nicotine exposure upregulates MMP expression as an important signaling pathway of fetal heart injury, which may be manifested in the ECM. This could have both short-and long-term consequences in the fetal heart resulting in lasting effects in the offspring.
Materials and Methods

Animal Model
Timed pregnant Dunkin-Hartley guinea pigs (term ¼ 65 days) were administered either water (control, N ¼ 7), or nicotine bitartrate dehydrate (200 mg/mL, N ¼ 4) in the drinking water for 10 days at 52-day gestation. The average nicotine intake was 20.0 + 2.4 mg/kg per d, well within the reported range of 7 to 60 mg/kg per d, known to increase plasma nicotine levels achieved by habitual smokers. 28, 29 Food (g/d; Harlan Teklad Guinea Pig Diet 7006 Harlan Laboratories, Inc., Indianapolis, IN) and fluid intake (mL/d) were monitored every other day during the treatment periods. To test the effect of oxidative stress on fetal hearts, N-acetylcysteine (NAC; 10 mg/mL, N ¼ 4) was administered in the drinking water in the presence/absence of nicotine at a dose (496 + 37 mg/kg per d) that was effective (300-500 mg/kg) in inhibiting oxidative stress. [30] [31] [32] N-Acetylcysteine is an endogenous substrate in glutathione synthesis, a natural antioxidant via the glutathione pathway, 33 and considered safe during pregnancy. 34 At near term, pregnant animals were anesthetized with ketamine (80 mg/kg) and xylazine (1 mg/kg) and administered a subcutaneous injection of lidocaine prior to receiving an abdominal incision. Age-matched fetuses (62 days, term ¼ 65 days) were excised via hysterotomy. Fetal body, placenta, heart, and brain weights were measured and relative organ weights normalized to their respective fetal body weights were calculated. Fetal blood was obtained via cardiac puncture from anesthetized fetuses via a 25-gauge syringe needle and a 1-mL tuberculin syringe. Fetal serum cotinine levels were measured (Cotinine Direct ELISA, Bio-Quant, SanDiego, California) as an index of fetal nicotine distribution following maternal ingestion. The methods used were approved by the University of Maryland Animal Care and Use Committee and conform to the 
Quantification of MMP Protein Levels by Western Analysis
Protein levels of MMP-2, -9, and -13 were quantified using Western blot analysis similar to that previously described. 35 Fetal hearts of control, nicotine-, and nicotine þ NAC-treated animals were weighed, left ventricles excised, and immediately frozen in liquid N 2 and stored at À80 C until ready for study. Frozen left ventricle sections of fetal hearts were homogenized in ice-cold lysis buffer (0.5 mol/L Tris-Cl, pH 7.4, 1.5 mol/L NaCl, 10 mmol/L ethylenediaminetetraacetic acid [EDTA], 2.5% deoxycholic acid, 10% NP-40, protease inhibitor, and phosphatase inhibitor), placed on ice for 1 hour, and spun at 13 000g at 4 C for 10 minutes. Protein concentration of the supernatant was analyzed by the Bradford Protein Assay (Bio-Rad Laboratories, Hercules, California). Equal amounts (40 mg) of protein of each group were loaded onto 4% to 15% Tris-HCl polyacrylamide gels and separated by gel electrophoresis. Proteins were transferred to Immun-Blot poly(vinylidene fluoride) (PVDF) membranes (Bio-Rad Laboratories), blocked for 1 hour at room temperature and probed overnight at 4 C. Membranes were incubated with a polyclonal antibody specific for MMP-2, -9, and -13 (1:1000, Chemicon International Inc, Temecula, California) and followed by the second antibody (1:10 000, horseradish peroxidase-conjugated goat anti-rabbit for MMP-2/-9 and bovine antigoat for MMP-13; Santa Cruz Biotechnology, Inc, Santa Cruz, California) after extensive washing. Protein bands were detected by ECL Western Blotting Analysis System (Amersham, Piscataway, New Jersey). Density values of each band were determined by densitometry (UN-SCAN-IT gel Automated Digitizing System V5.1; 32-bit; Skill Scientific Corporation, Orem, Utah) and normalized to a-actin or glyceraldehyde 3-phosphate dehydrogenase ([GAPDH]; 1:1000, Abcam, Inc, Cambridge, Massachusetts) as a loading control.
Quantification of Pro and Active Forms of MMP by Gelatin Zymography
Gelatin zymography was performed to quantify the proteolytic activity of MMP-2 and -9 as reported previously. 35 Briefly, frozen fetal guinea pig left ventricles of control and nicotinetreated animal groups were homogenized and mixed with loading buffer and 40 mg were loaded onto 10% zymogram Ready Gel containing 10% gelatin (BioRad Laboratories). Gels were electrophoresed for 90 minutes at 125 V, then incubated in 1Â renaturing buffer for 20 minutes Â 3 at room temperature. Gels were subsequently incubated in 1Â developing buffer overnight at 37 C. To visualize the bands, gels were stained with 2% Coomassie Blue for 1 hour at room temperature and destained for 2 to 4 hours using 40% methanol, 10% acetic acid, and 50% H 2 O. Zymograms were analyzed by scanning the destained gels on a KODAK Gel Logic 440 Imaging System (Carestream Health, Inc., New Haven, Connecticut) with a light conversion software program (KODAK White Light Padd). The light bands on a dark blue background were converted into dark bands and arbitrary density values were obtained for analysis using UN-SCAN-IT gel Automated Digitizing System V5.1 (32-bit; Skill Scientific Corporation) software program for comparison between groups. Bands identified both pro and active forms of MMP-2 based on the appropriate molecular weights. Bands corresponding to MMP-9 were absent.
Analysis of Myocardial Interstitial Collagen Content
Staining for myocardial interstitial collagen was performed on fetal heart ventricles using 0.1% (g/mL) Sirius red stain in saturated picric acid (Picrosirius). 36 Fetal hearts were obtained from control, nicotine, NAC alone, and nicotine þ NAC animal groups and immediately immersed in 10% buffered neutral formalin and allowed to fix at least 24 hours prior to processing. After being fully fixed, tissues were embedded in paraffin and sectioned at 5 mm. After deparaffinization and rehydration, sections were stained with Picrosirius red stain (0.1%) for 1 hour for detection of collagen fibers. Slides were washed twice with acidified water, shaken to remove excess water, and dehydrated using 3 changes of ethanol (70% to 100% ethanol). Slides were then cleared with xylene and mounted in resinous medium for viewing.
Statistics
The number of fetuses used in each group is represented by N values. Each fetus was obtained from a different sow. Responses are expressed as mean + standard error of the mean. Analysis of variance (ANOVA) was used to compare the differences among the 4 treatment groups using a post hoc analysis (Student-Newman-Keuls Method) to determine the significance between groups with a P < .05. Collagen fiber staining with Picrosirius red stain was quantified from transverse sections of fetal hearts sectioned at the equator to include both right and left ventricles. Positive staining was detected from imaging 6 random areas within each section devoid of blood vessels and quantified using NIH Image J software (version 1.57; http://rsb.info.nih.gov). The average value of cytosolic staining per area was obtained for each treatment and compared using ANOVA followed by post hoc analysis (Student-Newman-Keuls Method) for identifying difference between groups (P < .05).
Results
Nicotine Administration
The average maternal nicotine intake rate was 20.0 + 2.4 mg/kg per d and associated with fetal serum cotinine levels of 85 + 5 ng/mL. Cotinine was undetectable in untreated fetuses. Fetal cotinine levels were within the human levels (60-200 ng/mL cotinine) measured in moderate, habitual smokers, 28, 29 indicating sufficient nicotine exposure of the fetus. Cotinine is the metabolite of nicotine and is the preferred index of measurement for long-term administration because of its long half-life compared to nicotine. 28 
Fetal Weight Characteristics
Prenatal nicotine increased (P < .05) both food (41.0 + 2.0 mg/d vs 55.6 + 1.9 mg/d, control vs nicotine) and fluid (95.7 + 8.9 mL/d vs 133.4 + 12.0 mL/d, control vs nicotine) intake compared to control animals. Despite these differences, nicotine had no significant effect (control vs nicotine) on fetal body weight (76.9 + 2.2 g vs 78.2 + 4.5 g), placental/body weight ratios (0.063 + 0.002 vs 0.059 + 0.002), heart/body weight ratios (0.0058 + 0.0001 vs 0.0063 + 0.0002), or brain/body weight ratios (0.033 + 0.001 vs 0.035 + 0.002). N-Acetylcysteine plus nicotine significantly (P < .05) reduced both food (34.2 + 2.1 mg/d) and fluid (50.2 + 2.1 mL/d) intake compared to nicotine alone but had no effect on fetal body weight (78.2 + 4.5 g vs 65.8 + 3.8 g, nicotine vs nicotine þ NAC). In addition, NAC plus nicotine had no effect on relative placental weight (0.059 + 0.002 vs 0.063 + 0.003, nicotine vs nicotine þ NAC), heart weight (0.0063 + 0.0002 vs 0.0057 + 0.0002), or brain weight (0.035 + 0.002 vs 0.038 + 0.002) compared to nicotine alone. Matrix metalloproteinase 2 protein is synthesized intracellularly and subsequently released as the pro form and activated (active form) in the interstitial space. 26 Identified by gel zymography, Figure 1 illustrates both pro (*72 kDa) and active (*62 kDa) forms of MMP-2 in fetal heart tissues. Prenatal nicotine had no effect on pro form levels but significantly (P < .05) increased active MMP-2 levels by 45.5%. Figure 2 illustrates the effect of nicotine on protein expression of MMP-9 and MMP-13 of fetal heart ventricles by Western analysis. Prenatal nicotine had no significant effect on either pro or active forms of MMP-9 or MMP-13 compared to the untreated controls, although the active protein levels were significantly greater than the pro forms.
Effect of Nicotine on Cardiac MMP Protein Expression
Effect of NAC on Cardiac MMP Expression
To test whether nicotine-induced changes in MMP expression are mediated by reactive oxygen species (ROS), we measured MMP-2 protein levels in fetal hearts of nicotine-treated animals with or without NAC. In Figure 3 , NAC significantly (P < .05) reduced MMP-2 protein levels by 31.1% compared to animals treated with nicotine alone. In a separate gel, NAC alone had no effect on MMP-2 protein levels (not shown). Further, based on gel zymography, NAC reduced levels of active MMP-2 but had no significant effect on pro MMP-2 levels (Figure 3 ).
Collagen Staining by Immunohistochemistry
Matrix metalloproteinases are important enzymes in cardiac remodeling 25 regulating the protein expression of the ECM.
Picrosirius red staining was used to identify interstitial collagen fibers within fetal heart ventricles of control, nicotine-, NAC alone-, and nicotine þ NAC-treated animals (Figure 4 ). Under conventional light microscopy, fetal heart tissue exhibited a collagenous network of fibers (red) surrounding muscle bundles (yellow) within the ventricle along with red staining of collagen on the epicardial surface. Prenatal nicotine treatment increased interstitial collagen fibers distributed within the myocardial interstitium between cardiomyocytes. In nicotine-treated hearts, collagen fibers (arrows) appeared elongated and fibrous, compared to sparse, compact, and shortened in normoxic control hearts (top graph, top row).
In the presence of NAC, the amount of interstitial collagen fibers was reduced and their appearance resembled that of the untreated controls (top graph, bottom row). Quantification of positive staining was performed and illustrated in Figure 4 (graph). There was a significant increase in red stain in the presence of nicotine compared to untreated controls. In the presence of both nicotine and NAC, collagen fibers were similar in both staining density and morphological characteristics compared to untreated controls and NAC alone.
Discussion
This study demonstrates that prenatal nicotine increases active MMP-2 protein expression and interstitial collagen in left ventricles of fetal guinea pig hearts. In contrast, there were no changes in either MMP-9 or -13 levels in response to nicotine exposure. Treatment with the antioxidant, NAC, inhibited both the nicotine-induced increase in MMP-2 levels and collagen staining but had no effect alone. Thus, prenatal nicotine targets the fetal heart and the expression of selected MMPs important in cardiac remodeling via oxidative stress. Further study is needed to determine whether consequences of nicotine exposure in the fetal heart may have lasting effects that could potentially disrupt normal cardiac morphology and function postnatally.
Role of MMPs in Cardiac Remodeling
Cardiac MMPs play an important role in regulating the structural integrity of the ECM. 26, 37 Altered MMP expression and activation can lead to an imbalance between collagen synthesis/degradation in the myocardial ECM 37, 38 and a change in the structural integrity of the heart. 26, 39 In the adult heart, the role of MMPs is associated with repair and protection in response to pathological injury 39 ; while in the immature heart, MMPs play an essential role in tissue remodeling and cell migration. 27 Growth of the fetal heart occurs by both hyperplasia and hypertrophy of cardiomyocytes 40 and structural integrity of the myocardium is regulated by the complex balance of synthesis/degradation of ECM components such as fibrillar collagens. The effect of nicotine on the expression levels of selected MMPs in the myocardium may contribute to an alteration in the normal growth processes of the fetal heart leading to cardiomyopathy. 41 
Mechanism of Nicotine-Induced MMP Activation
Prenatal nicotine exhibited a selective effect on MMP-2 expression in the fetal guinea pig myocardium. Matrix metalloproteinases 2, 9, and 13 are important proteolytic enzymes in cardiac ventricles and in remodeling of the myocardium. [28] [29] [30] Cardiac remodeling can occur as a result of either altered expression of MMP subtypes or by factors that alter local activation of selected MMPs. 42 Our study showed that prenatal nicotine exposure increased fetal cardiac MMP-2 protein levels associated with the active form only but did not alter either pro or active MMP-9 or -13 levels. Further, the nicotine-induced increase in active MMP-2 was reversed by NAC, suggesting that posttranslational modification rather than transcriptional regulation is altered by nicotine exposure. The mechanism by which nicotine activates MMPs in the fetal myocardium is complex and poorly understood. Nicotine has been reported to increase catecholamine release 2 and ROS generation, [43] [44] [45] both of which could contribute to MMP activation. Nicotine increases catecholamine levels in the fetal circulation 2 by increasing neurotransmitter release from sympathetic nerve fibers and activation of the adrenal medulla. 9 Circulating substances such as norepinephrine can activate nicotinamide adenine dinucleotide phosphate (NADPH) oxidase, a superoxide-generating enzyme, via receptor-mediated protein kinase C activation. 46 Nicotine may also increase ROS generation in the myocardium by enhancing neutrophil and macrophage invasion 45 via activation of the phagocytic NADPH oxidase 23, 47 in nicotine-stimulated immune cells, contributing to increased oxidative stress. Reactive oxygen species (eg, superoxide anion and hydrogen peroxide) have been shown to be important regulatory factors in the activation of MMPs. 25, 26 For example, pro-MMP can be activated to the active form by ROS via autolytic cleavage of the cysteine thiol group, 25, 48 independent of protein expression. Although ROS generation was not measured, the inhibitory effect of NAC on both nicotineinduced MMP-2 activity and collagen accumulation suggests evidence of oxidative stress. We are unaware of any evidence that NAC can directly inactivate MMPs. Further study is needed to quantify oxidative stress in nicotine-treated fetal hearts.
Nicotine has been reported to constrict the uterine circulation and induce fetal hypoxemia, however, this is dose dependent and variable among species. 2, 49 We do not think nicotine's effects are mediated by an hypoxemia-induced challenge under the conditions of our study. This is based on the lack of an expected hypoxemia-induced increase in relative placental weight (placental wt/fetal body wt ratio) and the lack of a hypoxemia-induced increase in fetal cardiac MMP-9 protein expression, both of which have been measured in the fetuses of hypoxemic guinea pig. 50 In the same study, MMP-2 protein expression was unaltered by fetal hypoxemia 50 although increased in the current study when fetal guinea pigs were exposed to nicotine. Therefore, hypoxemic stress, under the current conditions, is unlikely to account for the differential effect on MMP expression in fetal guinea pig hearts.
Role of Collagen in Nicotine-Induced Cardiac Remodeling
Activation of MMP results in the degradation of matrix components of the heart and plays an important role in modulating collagen synthesis. 42 Following activation, collagen degradation initially exceeds that of collagen synthesis. 25 Interstitial collagen fibers are degraded first by collagenases such as MMP-13 and then by gelatinases such as MMP-2 and -9 into matrikines. 42 With prolonged MMP activation, these subfragments accumulate and feedback to stimulate further collagen synthesis. 39, 42 As a result, accumulation of interstitial collagen and cross-linking of collagen fibers occurs in a time-dependent manner leading to the generation of cardiac fibrosis. 42 This study demonstrates that prenatal nicotine contributes to the accumulation of collagen by the activation of MMP-2 in the fetal myocardium, both of which are inhibited by NAC. While MMP-13 activity was not increased with nicotine exposure, the active form was in high abundance, which may contribute significantly to substrate generation for downstream MMPs such as MMP-2. The mechanism mediating nicotineinduced increase in myocardial collagen is complex and is likely mediated by the interaction between the relative activities of the different MMP subtypes, with MMP-2 playing an important role in the fetal guinea pig heart.
Summary
Cigarette smoke contains thousands of toxic components that can impact the health and well-being of the fetus. Nicotine is one of the most biologically active and toxic components of tobacco smoke 2 and can readily cross the placenta. The effect of nicotine on fetal hearts differs from that on adult hearts because fetal heart growth is a transitional process of terminal differentiation and cardiac remodeling via apoptosis and synthesis/degradation of ECM components. Disruption of either functional or structural components during critical stages of growth and development is expected to have lasting effects, postnatally. Thus, the altered regulation of MMP expression by prenatal nicotine identifies an important pathway that may increase the susceptibility of the fetus to cardiac dysfunction. This is the first study to show that prenatal nicotine increases MMP-2 protein levels in intact fetal guinea pig hearts and may be initiated by oxidative stress. Further study is needed to identify the specific molecular mechanisms by which nicotine cytotoxicity occurs in fetal organs in order to develop therapies that can be targeted for prevention of both immediate and long-term effects in the postnatal heart.
